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REORDERING OR REMOVAL OF TEST
PATTERNS FOR DETECTING FAULTS IN
INTEGRATED CIRCUIT

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority under 35
U.S.C. §119(a) to Indian Provisional Application No. 1262/
CHE/2013, filed Mar. 22, 2013, which 1s incorporated by

reference 1n 1ts entirety.

BACKGROUND

1. Field of the Disclosure
The present disclosure relates to reordering or removing of
test patterns in a test pattern set for testing of an integrated

circuit using automatic test equipment (ATE).
2. Description of the Related Art

A defect 1s an error introduced into an integrated circuit
(IC) during a semiconductor manufacturing process. Defects
that alter the behavior of the IC can be described by a math-
ematical fault model. During testing of the IC, a test pattern 1s
applied to the IC and logic value outputs from the IC are
observed. When the IC 1s operating as designed, the logic
value output coincides with expected output values specified
in test patterns. A fault in the IC 1s detected when the logic
value output 1s different than the expected output.

Automatic Test Pattern Generation (ATPG) refers to an
clectronic design automation (EDA) process that generates a
set of test patterns for applying to an IC to detect faulty
behavior caused by defects 1in the IC. The generated patterns
are used to test semiconductor devices after manufacture, and
in some cases to assist with determining the cause of fault.
The fault model may be used to generate the test patterns that
clfectively covers certain types of faults with a fewer number
ol test patterns.

To recerve and detect faults 1n the IC, the IC 1ncludes a test
circuit that receives and applies the test patterns to one or
more scan chains. A scan chain includes a row of multiple
scan flops that output a certain logic value when the test
pattern 1s applied. An unexpected output of a scan tlop 1s
indicative of certain faults or defects 1n circuit components
associated with the scan tlop. Outputs of multiple scan tlops
may be compressed into a bit stream to reduce data bandwidth
and pins associated with the testing of IC.

SUMMARY

Embodiments relate to reordering test patterns from a test
pattern set used to test an integrated circuit using productivity
indices of test patterns. Productivity indices are determined
tor the test pattern included in the test pattern set. The test
pattern set includes a first test pattern and a second test pattern
appearing later than the first test pattern. The productivity
indices for a first test pattern included in the test pattern set
and a second test pattern included 1n the test pattern set are
Compared If the productivity index of the second test pattern
1s higher than the productivity index of the second test pattern,
the first test pattern and the second test pattern are swapped in
the test pattern set so that the second test pattern appears
carlier than the first test pattern in a modified test pattern set.

In some embodiments, the test pattern set 1s divided 1nto
multiple groups. A set number of test patterns with the lowest
productivity mdices are selected from a current group. A set
number of test patterns with the highest productivity indices
are selected from a next group. The productivity indices of the
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2

selected test patterns from the current group are compared to
the productivity indices of the selected test patterns from the
next group. The test patterns from the selected test patterns
that have larger productivity indices than the test patterns
from the selected test patterns from the next group are
swapped.

BRIEF DESCRIPTION OF THE DRAWINGS

The teachings of the embodiments can be readily under-
stood by considering the following detailed description 1n
conjunction with the accompanying drawings.

FIG. 1A 1s a block diagram 1llustrating a system for testing,
and diagnosing a device under test (DUT), according to one
embodiment.

FIG. 1B 1s a block diagram of an automatic test pattern
generator/fault simulator (ATPG/FS), according to one
embodiment.

FIG. 2 1s a block diagram of a DUT including a test circuit,
according to one embodiment.

FIG. 3A 1s a circuit diagram of a test circuit in the DUT,
according to one embodiment.

FIG. 3B 1s a conceptual diagram 1llustrating the operation
of decompressor and compressor in a test circuit, according to
one embodiment.

FIG. 4 1s a graph 1llustrating the relationship between fault
coverage and the number of test patterns.

FIG. 515 atflowchart illustrating a method of reordering test
patterns 1n a test pattern set, according to one embodiment.

FIG. 6 1s a diagram 1illustrating switching of test patterns in
two groups of test patterns, according to one embodiment.

FIGS. 7A and 7B are diagrams illustrating switching of
control data associated with compression test patterns being
switched, according to one embodiment.

FIG. 8 15 a flowchart 1llustrating the various operations 1n
the design and fabrication of an itegrated circuait.

DETAILED DESCRIPTION OF EMBODIMENTS

The Figures (FI1G.) and the following description relate to
preferred embodiments by way of illustration only. It should
be noted that from the following discussion, alternative
embodiments of the structures and methods disclosed herein
will be readily recognized as viable alternatives that may be
employed without departing from the principles of the
embodiments.

Retference will now be made 1n detail to several embodi-
ments, examples of which are illustrated 1n the accompanying,
figures. It 1s noted that wherever practicable, similar or like
reference numbers may be used 1n the figures and may indi-
cate similar or like functionality. The figures depict embodi-
ments for purposes of illustration only.

FIG. 1A 15 a block diagram illustrating a system 100 for
testing and diagnosing a device under test (DUT) 124,
according to one embodiment. DUT 124 1s an integrated
circuit (IC) that 1s being tested for faults 1n 1ts fabrication
process. The system 100 may include, among other compo-
nents, an automatic test pattern generator/fault simulator
(ATPG/F S) 104, an automatic test equipment (ATE) 120, and
a diagnostic tool 130. One or more of these components may
be combined 1nto a single product or device.

ATPG/FS 104 generates test patterns provided to ATE 120
and scan-out values corresponding to the test patterns for
detecting faults in DUT 124. Scan-out values represent the
expected output from a faultless integrated circuit when pro-
vided with the test patterns. A test pattern includes scan-in
data and control data for controlling test operation in DUT
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124, as described below 1n detail with reference to FIG. 3A.
ATE 120 provides the test patterns as scan-in data and control
data to DUT 124, and captures output from DUT 124. The
captured output from DUT 124 1s compared with scan-out
values. ATE 120 then generates fault data indicating the dif-
terence 1n the scan-out values and the output from DUT 124.

ATE 120 then sends fault data to diagnostic tool 130 to
localize and diagnose the cause of faults in DUT 124. If a fault
1s detected based on an unexpected output of DUT 124, diag-
nostic tool 130 may request ATPG/FS 104 to generate further
test patterns to localize or specily a scan flop associated with
the unexpected value.

FIG. 1B 1s a block diagram of ATPG/FS 104, according to
one embodiment. ATPG/FS 104 may include, among other
components, a processor 140, an output module 144, a user
interface 148, memory 160 and a bus 162 connecting these
components. Processor 140 retrieves instructions from
memory 160 and executions the mstructions to perform vari-
ous operations, including reordering or removal of test pat-
terns 1n a test pattern set.

Output module 144 1s hardware, firmware, software or a
combination thereof for sending the test patterns to ATE 120
via a communication medium (e.g., wire). For this purpose,
output module 144 may implement various communication
protocols.

User interface 148 enables users to interact with ATPG/FS
104. User interface 148 may include output devices such as a
monitor and 1nput devices such as keyboard or mouse.

Memory 160 1s anon-transitory computer-readable storage
medium that stores, among other mformation, computer
instruction modules including nstructions to be executed by
processor 140. Memory 160 includes pattern storage 164 and
pattern reorganizer 168. Pattern storage 164 stores one or
more sets of test patterns to be fed to DUT 124 via ATE 120
for testing. The sets of test patterns 1n pattern storage 164 may
be generated 1n ATPG/FS 104 or these sets of test patterns
may be generated on an external system and stored in ATPG/
FS 104. Pattern reorganizer 168 1s an instruction module for
analyzing a set of test patterns stored in pattern storage 164
and generating another set of test patterns modified from the
set of test patterns for achieving increased fault coverage at a
faster speed and possibly with fewer test patterns.

FIG. 2 1s a block diagram of DUT 124 including a test
circuit 242 for performing testing of sub-circuits in DUT 124,
according to one embodiment. DUT 124 may include, among
other components, one or more sub-circuits 210, 212 and test
circuit 242. DUT 124 may have a plurality of pins connected
to the sub-circuits 210, 212 and test circuit 242. Since the
number of pins on an integrated circuit (1C) 1s limited, pins are
often multiplexed to perform more than one function. One of
such multiplexed function 1s receiving scan-in data 234 (1.e.,
test patterns) from ATPG/FS 104 and sending test output data
238 (1.e., an output 1n response to the test patterns) to diag-
nostic tool 130.

Test circuit 242 includes hardware circuitry providing
scan-in data 234 to chains of scan flops. Test circuit 242 also
generates test output data 238 corresponding to scan-in data
234. It 1s generally advantageous for test circuit 242 to be
connected to fewer pins, perform testing at a high speed, and
obtain higher fault coverage with fewer test patterns.

Although test circuit 242 1s illustrated i FI1G. 2 as testing
both sub-circuits 210, 212, more than one test circuit may be
provided 1n DUT to separately test a certain sub-circuit. In
embodiments with multiple test circuits, each test circuit may
be connected to the same or different pins.

FIG. 3 A 1s a circuit diagram of test circuit 242 1n the DUT
124, according to one embodiment. Test circuit 242 may
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4

include, among other components, a decompressor 308, a
compressor 312, chains of scan flops 314, input registers 318,
322,326, 328, 329, output register 344, input direction block
338, output direction block 340, and control logic 334. Test
circuit 242 provides scan-1n data 234 to the scan flops 314 via
input direction block 338 and generates test output data 238
by operating circuit components according to control values
stored 1n current control registers 329.

Control logic 334 synchronizes the operation of compo-
nents in test circuit 242 by providing a clock signal via line
345. When a clock signal 1s input to current control registers
329, the bit values 1n control registers 333 are loaded onto
current control registers 329. The control circuit recetves scan
enable (SE) signal and clock signal (CLK). SE signal 1ndi-
cates that the test circuit 242 should be activated to perform
testing operation. CLK signal 1s used for synchronizing the
operation of various components 1n test circuit 242. Control
logic 334 includes a flip-flop, an AND gate and an inverter but
different combinations or structures may also be used.

Bit values of scan-in data and control data are stored in
corresponding registers by sequentially shifting bit values
from register 363 at the bottom of the register chain up to a
scan-in data registers 365 at the top of the register chain as bits
for the current test pattern 1s recerved via line 331. Although
a single line 331 1s illustrated 1n FIG. 3A as recerving the
scan-in data and the control data, more than one line may be
used to transmit scan-in data and the control data to corre-
sponding registers. Registers 333 shift values from scan-in
data recerved via line 331 to scan-1n data registers 318. Atthe
end of the shifting process to store scan-in data 1n scan-1n data
registers 318, SE signal goes low and control logic 334 drives
current registers 329 via line 345. Current registers 329 stores
control values until the next capture clock so that decompres-
sor 308 and compressor 312 can be controlled without under-
going change with every shift of scan-in data. That 1s, regis-
ters 333 enable control values to be shifted to register 329
only once per pattern.

Scan-1in data registers 318 store bit values for scan-in data
that 1s fed to decompressor 308 via line 364 and input direc-
tion block 338. The stored scan-in data 1s sent via lines 364
and input direction block 338 to decompressor 308.

Decompressor 308 may operate i one of multiple modes
as set by bit values 1n input mode control data registers 328
received via lines 356, 358. Each mode of decompressor 308
maps scan-in data to certain scan tlops, as described below 1n
detail with reference to FIG. 3B. Bit values 1n scan-in data
registers may be provided to decompressor 308 in a forward
direction (1.e., down-up direction) by input direction block
338 (as shown 1n FIG. 3B) or a reversed direction (1.e., up-
down direction) based on the bit value provided by line 362.

Bit values 1n mask control data registers 322 of the current
control registers 329 define the masking of certain scan
chains. The bit values of mask control data registers 322 are
provided to compressor 312 via lines 360. In response to
receiving mask enable signal via line 352 and active signals in
lines 360, a mask block 348 1n compressor 312 masks certain
scan chains as defined by the bit values of mask control data
registers 322. The mask enable bit value stored in register 361
1s sent to mask block 348 to enable or disable masking opera-
tion via line 352. Masking 1s done for the purpose of, for
example, blocking scan chains capturing unknown values
(referred to as “X”’) during unloading process.

A bit value 1n direction control data registers 326 of the
current control registers 329 is sent to output direction block
340 via line 354 to control the direction of outputs from
compressor 312. Outputs from scan flops 314 are exclusive
OR (XOR) processed by compressor 312 to generate com-
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pressed outputs. These compressed outputs pass through the
direction control logic 340 to register 344. The compressor
outputs are stored in output registers 344. The bit values 1n
output registers 344 are XOR processed 1nto test output data
238. In the embodiment of FIG. 3A, the bit values 1n test
output data 238 1s output 1n a forward direction (i.e., top first
and bottom last). However, the bit values in output registers
may be output 1n a reverse direction (1.e., bottom {first and top
last) 11 the bit value recerved via line 354 1s reversed.

Some of current control registers 329 store bit values for a
current test pattern and other current control registers 329
store bit values for a previous test pattern preceding the cur-
rent test pattern. Specifically, bit values 1n input mode control
data registers 328 of current control registers 329, and a bit
value 1n direction control data registers 326 of current control
registers 329 controlling input direction block 338 for the
scan-in data of the current test pattern are for the current test
pattern. Conversely, bit value 1n direction control data regis-
ters 326 of current control registers 329 controlling output
direction block 340 for the current test pattern, bit values 1n
mask control data registers 322 of current control registers
329, a bit value 1n mask enable register 361 of current control
registers 329 are for the previous test pattern. This mixture of

control values at 329 1s due to the fact that, while one pattern
1s being loaded through line 331, the previous pattern 1s being
unloaded through line 238.

FIG. 3B 1s a conceptual diagram illustrating the operation
of decompressor 308 and compressor 312 1n a test circuit,
according to one embodiment. Decompressor 308 may be
selected to operate 1n one of the selected input modes (labeled
as “007,%01”, and “10” 1n F1G. 3B) based on signals provided
by lines 356, 358. Fach mode may provide different map-
pings to route scan-in data 380A, 380B (only two bits of
scan-in data are shown 1n FIG. 3B for simplification) received
from scan-in data registers 318 to scan flops 314. This map-
ping provides an elficient way to handle dependencies of bit
patterns to be applied to scan flops 314.

In compressor 312, the outputs from the rows of scan flops
(1.e., scan chains) are XOR processed 1into fewer number of
compressor outputs 390A, 390B. Outputs from each column
of scan tlops are fed sequentially to the compressor 312.
Certain combinations of the outputs from the scan flops are
XOR processed to generate compressor outputs 390A, 390B.

By compressing the outputs for the scan flops, the amount
of data to be transmitted to ATE 120 and diagnostic tool 130
may be reduced. The disadvantage of compressing the out-
puts from the scan flops 1s that, when an unexpected value
representing a fault occurs 1n the outputs 390A, 390B, the
scan flop causing the fault may not be localized. Further test
patterns or analysis may be needed to determine the exact
scan flop associated with the fault.

For example, the compressor of FIG. 3B compresses the
output of the test circuit into two output values 390A and
390B. Output 390A of FIG. 3B i1s the result of the XOR
operation between the output of the first scan chain, the third
scan chain, the fourth scan chain, the fifth scan chain and the
s1xth scan chain. Hence, an unexpected value i output 390A
may originate from faults associated with any one or more of
the first scan chain, the third scan chain, the fourth scan chain,
the fifth scan chain and the sixth scan chain. Similarly, output
390B of FIG. 3B 1s the result of the XOR operation between
the output of the second scan chain, the third scan chain, the
fifth scan chain and the sixth scan chain. Hence, an unex-
pected value 1 output 390B may originate from faults asso-
ciated with any one or more of the second scan chain, the third
scan chain, the fifth scan chain and the sixth scan chain. In
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order to 1dentify the exact scan chain and/or scan tlop causing
the unexpected values 1n the outputs, additional test patterns
or analysis may be needed.

FIG. 4 1s a graph illustrating the relationship between fault
coverage and the number of test patterns. Depending on how
the test patterns are organized 1n a test pattern set, different
test pattern sets including the same test patterns may result in
fault coverage of different slopes. For example, a set of test
patterns having test patterns ordered in a sequence may be
represented by fault coverage curve 410 while another set of
test patterns having the same patterns ordered 1n different
sequence may be represented by fault coverage curve 414 that
has a steeper slop, even though the maximum fault coverage
Max FC reachable with both sets of test patterns at the con-
clusion of the last test pattern 1s the same. The total number of
test patterns in either set of test patterns 1s indicated as
NTP_A 1 FIG. 4, at which point MAX FC 1s reached.

It1s generally advantageous to use a set of test patterns that
result 1n a higher fault coverage with a fewer number of
patterns. For example, target fault coverage (FC) lower than
the maximum fault coverage may be suificient and the entire
test patterns need not be fed mto DUT 124 in certain circum-
stances. In such cases, a set of test patterns with fault coverage
curve 414 can reach the target fault coverage with NPT1
number of test patterns whereas the other set of test patterns
with fault coverage curve 410 can reach the same target
coverage with NPT2 number of test patterns (which 1s larger
than NPT1). Embodiments relate to reorganizing or removing
test patterns 1n a set of test patterns so that a higher fault
coverage can be attained with test patterns that appear earlier
in the set of test patterns.

FIG. 515 atlowchart 1llustrat1ng a method of reordering test
patterns for increased elliciency, according to one embodi-
ment. First, a test pattern set for reordering 1s generated or
received 504 at a pattern reorganizer 168.

The test patterns are then divided 508 into groups of N
number of test patterns according to the sequence of test
patterns. For example, the first group of test patterns may
include first through 32nd test patterns, a second group of test
patterns may include 33rd through 64th test patterns, and a
third group of test patterns may include 65th test patterns
through 96th test patterns, and so on.

As described below 1n detail with reference to step 312, N
describes the range within which non-uniformity of produc-
tivity 1s allowed. N may be set to control how extensive swaps
can be within the test pattern set. A smaller N indicates that
the swaps of test patterns between groups can happen more
extensively whereas a larger N indicates that the swaps will be
less extensive and a greater degree of non-uniformity in the
productiveness of the test patterns will be permitted.

Productivity index 1s computed 512 for each test pattern at
ATPG/FS 104. The productivity of test patterns can be param-
eterized by various measures. The number of faults covered
by a test pattern may not be a good indication of the produc-
tivity of the test patterns. Some faults are detected by many
test patterns whereas some faults are detected by few test
patterns. If a test pattern merely detects mostly faults that are
already detected by preceding test patterns, detecting of a
large number of faults does not necessarily mean that the test
pattern 1s more productive. In such case, the test pattern
merely performs redundant testing that was already per-
formed by other preceding test patterns. Conversely, a test
pattern detecting few faults, all or most of which are unde-
tectable by other preceding test patterns may be deemed
productive even 1f the overall number of faults detected by the
test patters 1s small. Embodiments are advantageous, among
other reasons, because the productivity index can be com-
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puted once at ATPG/FS 104 and no subsequent computation
of productivity index is performed.

An actual incremental fault coverage may be used as an
elfective productivity index of a test pattern to gauge how
productive the test pattern 1s. An actual incremental indicates
how many additional number of faults are detected by a given
test pattern but not detectable by other test patterns preceding,
the given test pattern 1n the test pattern set. For example, 1f a
fifth test pattern detects 2000 fault, of which 1000 faults are
not detectable by first through fourth test patterns, the actual
incremental index for the fifth test pattern 1s 1000.

However, since the actual increment fault coverage
changes every time the location of test patterns change, the
overhead for computing the actual increment fault coverage
may be high. For example, 1f the fifth test pattern in the
previous example 1s moved to swap with a tenth test pattern,
a new calculation and simulation 1s needed to determine how
many incremental faults the fifth test pattern would detect in
the tenth location. Such recalculation and simulation 1s very
time consuming and computationally intensive.

Hence, embodiments use pseudo incremental fault cover-
age as the productivity index of the test patterns. The pseudo
incremental fault coverage for a test pattern 1s calculated only
once when the test pattern set 1s 1n an original sequence, and
its value 1s retained even when the location of the test pattern
changes. Since the pseudo incremental fault coverage 1s not
recalculated, the computation associated with computing the
productivity index 1s significantly reduced. Although not as
accurate as the actual incremental fault coverage, the pseudo
incremental fault coverage functions as a reasonable measure
of the productivity of test patterns. Using the pseudo incre-
mental fault coverage 1s also advantageous because the com-
putation may be done once within ATPG/FS 104, and no
turther fault simulation 1s needed.

The first group of test patterns 1n the test pattern set 1s then
set 514 as the current group.

An efficient test pattern set should have a productive test
pattern appear early on in the sequence while less productive
test pattern should appear later 1n the sequence. Having pro-
ductive test patterns earlier on enables the test pattern set to
cover a large number of faults with a fewer number of test
patterns. Hence, embodiments swap 520 less productive test
patterns 1n a group with more productive test patterns from a
next group, as determined by comparing the productivity
indices. The swapping of test patterns consumes computation
resources, and hence, a maximum number of test patterns in
a group swappable with test patterns in a next group may be
set to a certain value “n.” A higher “n” indicates that more
patterns are likely to be swapped during a single pass through
all the groups.

In one embodiment, the swapping 1s done by selecting “n”
test patterns with the lowest productivity indices 1n a current
group and selecting “n” test patterns with the highest produc-
tivity indices in the next group. Then the productivity indices
ol selected test patterns in the current group are compared
with the productive indices of selected test patterns in the next
group. I at least one of the selected test patterns 1n the current
group has a lower productivity index compared to the selected
test patterns from the next group, the test patterns with lower
productive indices 1n the current group are swapped with test
patterns with higher productive indices 1n the next group.
Referring to FIG. 6, a maximum “n” number of test patterns
in pattern group A are swapped with a corresponding number
ol test patterns in pattern group B that follow pattern group A.
The actual test patterns switched may be less than the maxi-
mum “n.”
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Reterring back to FIG. 5, the pattern reorganizer 168 deter-
mines 522 whether the next group of patterns 1s the last group
ol patterns after swapping the test patterns. I the next group
ol patterns 1s not the last group of patterns, the next group of
patterns 1s set 524 as the current group of test patterns and
swapping 320 1s performed.

I1 the next group of patterns 1s the last group of patterns,
then the process proceeds to determine 526 1f a criteria for
terminating the process 1s satisfied. The criteria may be one or
more of (1) whether a fixed number of passes were done
through the entire groups (e.g., three total passes) and (11)
whether a certain level of uniformity of productivity of test
patterns in each group was achieved.

As described with reference to FIG. 3A, certain bit values
stored 1n current control registers 329 correspond to control
data for the current test pattern, and some of the bit values
stored 1n current control registers 329 correspond to control
data for a previous test pattern preceding the current test
pattern. As such, the swapping of test patterns includes modi-
tying control data in test patterns appearing before the
swapped test patterns, as described below 1n detail with retf-
erence to FIGS. 7TA and 7B. Also, the swapping includes
adjusting and modifying the scan-out data to account for the
swapping of the test patterns, for example, using simulation,
since the test patterns have forward dependency.

If 1t 1s determined that the criteria 1s not satisfied, the
process returns to setting 514 the first group of test patterns as
the current group and then repeats the subsequent processes.

The sequence and steps illustrated 1in FIG. 5 are merely
illustrative. For example, the step 508 of dividing the test
pattern and the step 512 of computing the productivity index
may be reversed 1n order. Moreover, the step 526 of determin-
ing 1 the criteria are satisfied may be omitted, and the reor-
dering process may be performed in a single pass.

Further, instead of setting the first group of test patterns as
a current group of test patterns 1n step 514, the last group of
test patterns may be set as the current group. In this case, a
maximum of “n” test patterns in the current group of test
patterns with lowest productivity indices are swapped with a
corresponding number of test patterns from a previous group
of test patterns with highest productivity indices. That 1s, the
comparison and swapping steps 1s reversed 1n order, starting
from the last group of test patterns and proceeding to the first
group of test patterns. In step 524, a group of test patterns
preceding the current group 1s set as the next current group in
this embodiment. In some embodiment, some sweeps are
performed i the order illustrated in FIG. 5 while other
sweeps are performed in the reverse order (1.e., from the last
group to the first group).

I1 the criteria are satisfied, then the process terminates. The
test pattern set as modified according to the embodiment of
FIG. 5 1s then provided to DUT 124 via the ATE to test the
DUT 124.

In one or more embodiments, dependencies of test patterns
are taken 1nto account when swapping test patterns of differ-
ent groups. A test pattern includes scan-in data and control
data for controlling test operation in DUT 124, as described
above 1n detail with reference to F1IG. 3A. Some of the control
data 1n the current test pattern are applicable to the current test
pattern (e.g., control data for controlling output direction
block 340, mask control data and mask enable data) but other
control data in the current test pattern are applicable to the
next test pattern and not the current test pattern (e.g., input
mode control data, and direction control data for controlling
input direction block 338). Hence, when swapping test pat-
terns, the control data of the swapped test patterns as well as
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the control data of the test pattern preceding and succeeding,
the swapped test patterns are rearranged.

FIGS. 7A and 7B are diagrams illustrating switching of
control data associated with test patterns being swapped,
according to one embodiment. In FIG. 7A illustrates test
pattern N in group A and test pattern M 1n group B before the
swapping. As 1llustrated in FIG. 7A, test pattern N includes
scan-in data N, control data for pattern N, and control data for
pattern (N+1), and test pattern M 1ncludes scan-in data M,
control data for pattern M, and control data for pattern (M+1).
When swapping pattern N with pattern M, scan-in data and
control data for the current data may be swapped together, but
control data for the next pattern should be retained in the
original locations. Moreover, some of the control data in
previous patterns (1.e., pattern (N-1) and pattern (M-1)) are
also updated so that the swapped test patterns can operate the
test circuit 242 as designed.

FI1G. 7B illustrates patterns in group A' and group B' after
swapping of pattern N and pattern M occurred, according to
one embodiment. In this example, pattern M' includes scan-1n
data M and control data for pattern M. It is to be noted that
control data for pattern (N+1) previously 1n pattern N remains
in pattern M'. In addition, pattern (N-1)' includes control data
for pattern M which was previously included in pattern
(M-1). Pattern N' moved to group B 1ncludes scan-in data N,
control data for pattern N and control data for pattern (M+1).
It 1s also to be noted that control data for pattern (M+1)
previously 1n pattern M remains 1n pattern N'. Pattern (M-1)’
preceding pattern N' 1s also updated with control data for
pattern N. In summary, when test patterns are swapped, the
test patterns preceding the swapped test patterns may also be
updated.

Another dependency 1s the scan-out data for the swapped
test patterns. The test output of a test pattern depends on
following test patterns fed to the DUT 124 due to XOR
processing at compressor 312, as described above 1n detail
with reference to FIG. 3B. Hence, the scan-out data for the
swapped test pattern and subsequent test patterns 1s updated
to retlect the changes due to the swapping of the test patterns.
The updated scan-out data can be generated by simulating the
scan-out data assuming that the DUT 124 1s faultless and
produces the expected output. The simulation may be selec-
tively performed to parts of the scan-out data of only certain
patterns that are afl

ected by the swapping of test patterns as
opposed to performing a simulation of the entire test pattern
set.

In one or more embodiments, test patterns with low pro-
ductivity may be dropped from the test pattern set 1n addition
to or 1n lieu of reordering the test patterns. For example, test
patterns having productivity indices below a certain threshold
may be removed from the test pattern set. Test patters may be
dropped from the test pattern set for other reasons, including
but not limited to, (1) the test pattern being redundant, (11) the
test pattern violating clocking requirements, (111) a user 1s
aware ol certain failures but wants to perform the rest of the
testing. In such case, 1n addition to removing certain test
pattern, the control data for the removed test pattern included
1n a previous test pattern may also be updated. Further, simu-
lation may also be performed to determine the scan-out data
for test patterns preceding the removed test pattern.

FI1G. 8 1s a tlowchart 800 illustrating the various operations
in the design and fabrication of an integrated circuit. This
process starts with the generation of a product i1dea 810,
which 1s realized during a design process that uses electronic
design automation (EDA) software 812. When the design 1s
finalized, 1t can be taped-out 834. After tape-out, a semicon-
ductor die 1s fabricated 836 to form the various objects (e.g.,
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gates, metal layers, vias) in the integrated circuit design.
Packaging and assembly processes 838 are performed, which
result in fimished chips 840. Chips are then tested 844 to detect
faults. Based on the detected faults 1n the tested chips, mea-
sures can be taken to improve yield 848 in subsequent batch
of chips to be fabricated. Embodiments described above pri-
marily related to testing 644 the chips for faults.

Additional Configuration Considerations

Throughout this specification, plural instances may imple-
ment components, operations, or structures described as a
single instance. Although individual operations of one or
more methods are 1llustrated and described as separate opera-
tions, one or more of the individual operations may be per-
formed concurrently, and nothing requires that the operations
be performed 1n the order 1llustrated. Structures and function-
ality presented as separate components in example configu-
rations may be implemented as a combined structure or com-
ponent. Similarly, structures and functionality presented as a
single component may be implemented as separate compo-
nents. These and other variations, modifications, additions,
and improvements fall within the scope of the subject matter
herein.

Certain embodiments are described herein as including
logic or a number of components, modules, or mechanisms.
Modules may constitute either software modules (e.g., code
embodied on a machine-readable medium or in a transmis-
sion signal) or hardware modules. A hardware module 1s
tangible unmt capable of performing certain operations and
may be configured or arranged in a certain manner. In
example embodiments, one or more computer systems (e.g.,
a standalone, client or server computer system) or one or more
hardware modules of a computer system (e.g., a processor or
a group ol processors) may be configured by software (e.g.,
an application or application portion) as a hardware module
that operates to perform certain operations as described
herein.

In various embodiments, a hardware module may be
implemented mechanically or electronically. For example, a
hardware module may comprise dedicated circuitry or logic
that 1s permanently configured (e.g., as a special-purpose
processor, such as a field programmable gate array (FPGA) or
an application-specific integrated circuit (ASIC)) to perform
certain operations. A hardware module may also comprise
programmable logic or circuitry (e.g., as encompassed within
a general-purpose processor or other programmable proces-
sor) that 1s temporanly configured by software to perform
certain operations. It will be appreciated that the decision to
implement a hardware module mechanically, in dedicated
and permanently configured circuitry, or in temporarily con-
figured circuitry (e.g., configured by soitware) may be driven
by cost and time considerations.

The various operations of example methods described
herein may be performed, at least partially, by one or more
processors that are temporarily configured (e.g., by software)
or permanently configured to perform the relevant operations.
Whether temporarily or permanently configured, such pro-
cessors may constitute processor-implemented modules that
operate to perform one or more operations or functions. The
modules referred to herein may, in some example embodi-
ments, comprise processor-implemented modules.

The one or more processors may also operate to support
performance of the relevant operations 1n a “cloud comput-
ing”” environment or as a “software as a service” (SaaS). For
example, at least some of the operations may be performed by
a group of computers (as examples of machines including
processors), these operations being accessible via a network
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(¢.g., the Internet) and via one or more appropriate interfaces
(e.g., application program interfaces (APIs).)

The performance of certain of the operations may be dis-
tributed among the one or more processors, not only residing
within a single machine, but deployed across a number of
machines. In some example embodiments, the one or more
processors or processor-implemented modules may be
located 1n a single geographic location (e.g., within a home
environment, an office environment, or a server farm). In
other example embodiments, the one or more processors or
processor-implemented modules may be distributed across a
number of geographic locations.

Some portions of this specification are presented 1n terms
ol algorithms or symbolic representations of operations on
data stored as bits or binary digital signals within a machine
memory (e.g., a computer memory). These algorithms or
symbolic representations are examples of techniques used by
those of ordinary skill 1n the data processing arts to convey the
substance of their work to others skilled in the art. As used
herein, an “algorithm™ 1s a self-consistent sequence of opera-
tions or similar processing leading to a desired result. In this
context, algorithms and operations mvolve physical manipu-
lation of physical quantities. Typically, but not necessarily,
such quantities may take the form of electrical, magnetic, or
optical signals capable of being stored, accessed, transterred,
combined, compared, or otherwise manipulated by a
machine. It 1s convenient at times, principally for reasons of
common usage, to refer to such signals using words such as
“data,” “content,” “bits,” “values,” “elements,” “symbols,”
“characters,” “terms,” “numbers,” “numerals,” or the like.
These words, however, are merely convenient labels and are
to be associated with appropriate physical quantities.

As used herein any reference to “one embodiment™ or “an
embodiment” means that a particular element, feature, struc-
ture, or characteristic described in connection with the
embodiment 1s included in at least one embodiment. The
appearances of the phrase “in one embodiment” 1n various
places 1n the specification are not necessarily all referring to
the same embodiment.

Upon reading this disclosure, those of ordinary skill in the
art will appreciate still additional alternative structural and
functional designs through the disclosed principles of the
embodiments. Thus, while particular embodiments and appli-
cations have been 1illustrated and described, 1t 1s to be under-
stood that the embodiments are not limited to the precise
construction and components disclosed herein and that vari-
ous modifications, changes and variations may be made 1n the
arrangement, operation and details of the method and appa-
ratus disclosed herein without departing from the spirit and

scope of this disclosure.
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What 1s claimed 1s:
1. A method for reordering a test pattern set for testing an
integrated circuit, comprising;

computing a productivity index for each test pattern in the
test pattern set, the productivity index indicating a num-
ber of faults detectable by a test pattern but not by other
test patterns of the test pattern set preceding the test
pattern;

comparing a productivity index of a first test pattern and a
productivity index of a second test pattern, the second
test pattern appearing later in the test pattern set than the
first test pattern; and

swapping locations of the first test pattern and the second
test pattern responsive to the productivity index of the
second test pattern being higher than the productivity
index of the first test pattern.
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2. The method of claim 1, further comprising;

dividing the test pattern set into a plurality groups of test

patterns;

selecting a predetermined number of test patterns from a

current group having lowest productivity idices;

selecting the predetermined number of test patterns from a

next group having highest productivity indices, the next
group subsequent to the current group;

comparing productivity indices of the selected test patterns

in the current group and productivity indices of the
selected test patterns in the next group; and

swapping locations of the selected test patterns 1n the cur-

rent group having higher productive indices than the
selected test patterns in the next group.

3. The method of claim 2, wherein the current group pro-
gressively proceeds from a first group in the test pattern set to
a group before the last group.

4. The method of claim 1, wherein a productivity index is a

pseudo incremental fault coverage.

5. The method of claim 1, further comprising swapping a
first subset of control data in a test pattern appearing before
the first test pattern with a second subset of control data 1n a
test pattern appearing before the second test pattern.

6. The method of claim 5, wherein the first subset of control
data or the second subset of control data comprises input
mode control data for setting a mode of decompressor 1n a
testing circuit of the integrated circuit, and direction control
data for controlling input direction of scan-in data to the
decompressor 1n the testing circuit.

7. The method of claim 1, further comprising stmulating an
operation of the integrated circuit to determine scan-out data
for another test pattern set with the swapped first test pattern
and the second test pattern.

8. The method of claim 1, wherein fault simulation 1s not
performed after computing the productivity index.

9. An apparatus for reordering a test pattern set for testing,
an integrated circuit, comprising:

a Processor;

a pattern storage configured to store a test pattern set; and

a pattern reorganizer configured to:

compute a productivity index for each test pattern in the
test pattern set, the productivity index indicating a
number of faults detectable by a test pattern but not by
other test patterns of the test pattern set preceding the
test pattern;

compare a productivity index of a first test pattern and a
productivity index of a second test pattern, the second
test pattern appearing later 1n the test pattern set than
the first test pattern; and

swap locations of the first test pattern and the second test
pattern responsive to the productivity test pattern of
the second test pattern being higher than the produc-
tivity test pattern of the first test pattern.

10. The apparatus of claim 9, wherein the patter reorga-
nizer 1s further configured to:

divide the test pattern set into a plurality groups of test

patterns;

select a predetermined number of test patterns from a cur-

rent group having lowest productivity indices 1n the first
group,

select the predetermined number of test patterns from a

next group having highest productivity indices, the next
group subsequent to the current group;

compare productivity indices of the selected test patterns in

the current group and productivity indices of the selected
test patterns 1n the next group; and
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swap locations of the selected test patterns in the current
group having higher productive indices than the selected
test patterns 1n the next group.

11. The apparatus of claim 10, wherein the patter reorga-
nizer 1s further configured to progressively proceed the cur-
rent group progressively from a first group in the test pattern
set to a group betore the last group.

12. The apparatus of claim 9, wherein a productivity index
1s a pseudo incremental fault coverage.

13. The apparatus of claim 9, wherein the patter reorga-
nizer 1s further configured to swap a first subset of control data
in a test pattern appearing before the first test pattern with a
second subset of control data 1n a test pattern appearing before
the second test pattern.

14. The apparatus of claim 13, wherein the first subset of
control data or the second subset of control data comprises
input mode control data for setting a mode of decompressor 1n
a testing circuit of the itegrated circuit, and direction control
data for controlling iput direction of scan-in data to the
decompressor 1n the testing circuit.

15. The apparatus of claim 9, wherein the patter reorga-
nizer 1s further configured to simulate an operation of the
integrated circuit to determine scan-out data for another test
pattern set with the swapped first test pattern and the second
test pattern.

16. The apparatus of claim 9, wherein fault stmulation 1s
not performed after computing the productivity index.

17. A non-transitory computer-readable storage medium
storing instructions thereon, the mstructions when executed
by a processor cause the processor to:

compute a productivity index for each test pattern 1n a test

pattern set, the productivity index indicating a number of
faults detectable by a test pattern but not by other test
patterns of the test pattern set preceding the test pattern;
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compare a productivity index of a first test pattern and a
productivity index of a second test pattern, the second
test pattern appearing later in the test pattern set than the
first test pattern; and

swap locations of the first test pattern and the second test
pattern responsive to the productivity test pattern of the
second test pattern being higher than the productivity
test pattern of the first test pattern.

18. The non-transitory computer-readable storage medium
of claim 17 wherein the instructions further cause the proces-
SOr to:

divide the test pattern set into a plurality groups of test
patterns:

select a predetermined number of test patterns from a cur-
rent group having lowest productivity indices;

select the predetermined number of test patterns from a
next group having highest productivity indices, the next
group subsequent to the current group;

compare productivity indices of the selected test patterns in
the current group and productivity indices of the selected
test patterns 1n the next group; and

swap locations of the selected test patterns in the current
group having higher productive indices than the selected
test patterns 1n the next group.

19. The non-transitory computer-readable medium of
claim 17, wherein a productivity index 1s a pseudo incremen-
tal fault coverage.

20. The non-transitory computer-readable medium of
claim 17, wherein the mstructions further cause the processor
to:

swap a first subset of control data 1n a test pattern appearing,
betore the first test pattern with a second subset of con-
trol data 1n a test pattern appearing before the second test

pattern.
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